Transcranial magnetic stimulation (TMS) is a widely used experimental and clinical technique that directly induces activity in human cortex using magnetic fields. However, the neural mechanisms of TMS-induced activity are not well understood. Here, we introduce a novel method of imaging TMS-evoked activity using a non-invasive fast optical imaging tool, the event-related optical signal (EROS). EROS measures changes in the scattering of near-infrared light that occur synchronously with electrical activity in cortical tissue. EROS has good temporal and spatial resolution, allowing the dynamics and spatial spread of a TMS pulse to be measured. We used EROS to monitor activity induced in primary motor cortex (M1) by a TMS pulse. Left-and right-hand representations were mapped using standard TMS procedures. Optical sources and detectors mounted on thin rubber patches were then centered on M1 hand representations. EROS was recorded bilaterally from motor cortex while unilateral TMS was simultaneously delivered. Robust ipsilateral EROS activations were apparent within 16 ms of a pulse for TMS delivered to both left and right hemispheres. Clear motor evoked potentials (MEPs) were also elicited by these TMS pulses. Movement artifacts could be excluded as a source of EROS, as no activation was present on short-distance optical channels. For left hemisphere TMS subsequent (40 ms) contralateral activity was also present, presumably due to trans-synaptic propagation of TMS-evoked activity. Results demonstrate that concurrent TMS/EROS is a viable and potentially powerful method for studying TMS-induced activity in the human brain. With further development, this technique may be applied more broadly in the study of the dynamics of causal cortico-cortical connectivity.
Introduction
Transcranial magnetic stimulation (TMS) is becoming an increasingly popular experimental and clinical tool. However, there remains considerable uncertainty regarding the mechanisms through which TMS pulses activate underlying neural tissue, the duration over which this activity persists, and the extent to which this activity spreads locally and inter-regionally. TMS-evoked activity has been measured in the human brain using several noninvasive neuroimaging techniques (i.e., electroencephalography, EEG, event-related brain potentials, ERPs, functional magnetic resonance imaging, fMRI, positron emission tomography, PET, and functional near-infrared spectroscopy, fNIRS). However, these methods pose significant challenges due to competing electrical or magnetic fields and suffer from either temporal or spatial limitations. The event-related optical signal (EROS; Gratton and Fabiani, 2007, 2010; , in contrast, has both high spatial and temporal resolution and the optical nature of the signal makes it well suited for use with the strong magnetic fields produced by TMS. Here we demonstrate the efficacy of using EROS to measure the effects of TMS on the human cortex.
TMS is a technique that uses a very strong magnetic field (applied at the scalp) to induce electrical activity in underlying cortical neural tissue. TMS is most often administered as an isolated pulse (singlepulse TMS, or sTMS) or as a series of consecutive pulses (repetitive TMS, or rTMS). STMS transiently activates a particular cortical region for a brief period whereas rTMS continuously stimulates a targeted cortical area and can induce states of cortical depression that outlast the duration of rTMS application (Huang et al., 2005; Ziemann, 2004) . In the cognitive neurosciences, sTMS and rTMS are often used as 'disruptive' techniques to directly assess the causal role of a brain area in a given cognitive or perceptual process (Pascual-Leone et al., 2000) , with sTMS being used as a method of disrupting these processes at a particular time point and rTMS being used as a method of prolonged disruption. Experimental use of both sTMS and rTMS has seen fruitful application in a variety of research areas such as motor function, language, vision, and attention (Hallett, 2007; Walsh and Cowey, 2000) . RTMS has further utility as a clinical tool and has been used in the treatment of a number of psychological disorders (Kim et al., 2009 ) and has shown further promise as a therapeutic technique for chronic pain, stroke rehabilitation, and epilepsy (Fregni and Pascual-Leone, 2007; Rossi and Rossini, 2004) .
The study of TMS-evoked activity in the human brain has been approached by performing noninvasive neuroimaging in conjunction with TMS. A number of studies have examined the enduring plasticity-like effects of rTMS by administering rTMS prior to performing brain imaging (Ziemann, 2004) . However, in this paper, we are concerned with the immediate effects of TMS and thus the simultaneous application of TMS and neuroimaging. We will use the term "concurrent" to refer to conditions in which the measures are taken at the same moment in which TMS pulses are delivered (for high-temporal resolution techniques such as EEG/ERP and EROS) or within a few seconds, using interleaved recording (as for hemodynamic-based techniques such as fMRI and PET). To date, both sTMS-and rTMSevoked cortical activity has been measured successfully using a variety of noninvasive neuroimaging techniques, including EEG (sTMS: Ilmoniemi et al., 1997;  for review see Ilmoniemi and Kičić, 2010) , fMRI (rTMS: Bohning et al., 1998 Bohning et al., , 1999 see Bestmann et al., 2008 for review), PET (rTMS: Fox et al., 1997 Fox et al., , 2006 Paus et al., 1997) , and functional near-infrared spectroscopy (fNIRS; sTMS: Mochizuki et al., 2006) .
Concurrent TMS/neuroimaging approaches also have broad appeal to the neurosciences as methods of mapping connectivity within the human brain (Paus, 2005) . A TMS pulse does not solely activate a targeted brain area but interconnected regions as well (Baudewig et al., 2001; Bestmann et al., 2003 Bestmann et al., , 2004 Bohning et al., 1999) . As such, it is possible to use TMS-locked activity to measure connectivity with the site of stimulation (see Bestmann et al., 2008 for review) . Concurrent TMS/fMRI/PET has been used to assess connectivity within the motor system (Baudewig et al., 2001; Bestmann et al., 2003 Bestmann et al., , 2004 Bohning et al., 1999) , visual system (Ruff et al., 2006 , and prefrontal cortex (Speer et al., 2003) . This approach provides an unprecedented method of assessing causal inter-regional connectivity in the human brain and may even be able to provide a metric for assessing the strength of connectivity between brain areas (Fox et al., 2006) .
Neuroimaging methodologies used in conjunction with TMS suffer either from temporal or spatial limitations. FMRI and PET produce high quality spatial maps of TMS-induced activity but provide limited information regarding the timing of such activity. Conversely, EEG/ ERP has millisecond temporal resolution but provides limited information about where the signal arises. Examining TMS-induced activity and inter-regional connectivity would benefit greatly from a technique with good temporal and spatial resolution. EROS may provide such an approach. EROS is a non-invasive optical imaging technique that uses near-infrared light to measure cortical activity (Gratton and Fabiani, 2007, 2010; . Electrical activity in the brain is associated with a synchronous change in the scattering of light, a phenomenon known as the fast optical signal (Rector et al., 1997 (Rector et al., , 2005 . Specifically, active neural tissue exhibits less scattering, allowing photons to penetrate slightly deeper into the tissue. As a result, on average, it takes light longer to travel between a source and a detector when the cortex is active than when it is at rest. Thus, measuring the average delay of light between a near-infrared source and detector allows for the inference of activity in underlying neural tissue (see Gratton and Fabiani, 2007, 2010 for review) . Because the fast optical signal occurs simultaneously with electrical activity, EROS is capable of very high temporal resolution. Additionally, the physical principles governing the movement of near-infrared light through the tissue give EROS a relatively high spatial resolution as well (b1.0 cm 3 ; Gratton and Fabiani, 2003) .
Here, we use EROS to measure activity evoked in primary motor cortex by single-pulse TMS. The primary aims of this study were to establish 1) that EROS can be reliably measured in conjunction with TMS and 2) that EROS can be used to measure the time course of TMS-evoked cortical activity. Our study focused on the motor system as the majority of TMS/neuroimaging studies have focused on primary motor cortex (M1) and TMS-induced activity is best understood within this area (Chen, 2004; Di Lazzaro et al., 2004) . Furthermore, M1 stimulation results in an overt distal muscle contraction (motor evoked potential, or MEP) that provides a method of assessing the effectiveness of cortical stimulation.
Method

Subjects
Nine right-handed participants (5 females, mean age = 23.1 years) took part in this study. All procedures were approved by the University of Illinois Institutional Review Board. Written informed consent was obtained from each participant prior to experimentation. All participants underwent extensive TMS safety screening in accordance with recommended procedures (Rossi et al., 2009; Wassermann, 1998) .
Stimuli and procedure
The present experiment focused on a subset of data obtained in a larger concurrent optical imaging and TMS study. In this study, participants performed a cued Go/NoGo task while TMS was randomly delivered on a subset of trials. The current analysis focuses on TMS pulses that were delivered during inter-trial intervals of this task. A 1250 ms fixation interval preceded each trial. On a random 20% of these fixation periods, single pulse TMS was delivered 750 ms into this inter-trial interval. Though TMS was given at other periods during testing, inter-trial TMS pulses were the focus of this analysis as these are most appropriate for examining activity evoked in resting motor cortex.
Following placement of electromyographic (EMG) electrodes and TMS mapping of left and right hand representations (see Transcranial magnetic stimulation section below), participants were fitted with optical patches over the left and right hemispheres (Fig. 1B) . The participant's head was secured in a chin rest with forehead support and the TMS coil was held in position by the experimenter. Each participant was given 20 blocks, each containing 60 trials, a random twelve of which contained a TMS pulse. The coil was alternated between the two hemispheres every five blocks and the hemisphere to which TMS was delivered first was counterbalanced between subjects. A total of 120 pulses were delivered to each hemisphere. TMS pulses delivered to the left and right hemispheres will be referred to herein as the "TMS-LEFT" and "TMS-RIGHT" conditions, respectively.
Transcranial magnetic stimulation
TMS was delivered using a Magstim 200 2 monophasic stimulator (Magstim, Whitland, UK) with a double 70 mm coil (figure-of-eight coil). The M1 hand representation was localized by first centering the coil over the vertex and then moving the center of the coil ventrally in 1 cm steps until a visible contraction of the first dorsal interosseous (FDI) muscle was observed. Positions were mapped for the left and right hemispheres and optical patches were then centered on these locations. Patches were designed to allow the TMS coil to be positioned as close to scalp as possible but their use did introduce some additional distance between scalp and coil. We estimate this distance to be between 3 and 4 mm, on average. Following placement of optical patches and probes, approximate motor thresholds were determined by adjusting stimulator intensity in 5% increments until a visible contraction of the FDI muscle was observed. Thresholds were determined independently for the left and right hemispheres. The intensity determined by the highest threshold was then applied to both hemispheres during testing. The mean level of stimulator output, across subjects, was approximately 80% of the maximum output.
All functional mapping and experimental testing were conducted with the figure-of-eight coil in a posterior-to-anterior orientation.
MEPs
EMG was recorded from the FDI muscle of the hand contralateral to the figure-of-eight coil. EMG was amplified with an EMG100C (BIOPAC, Goletta, CA). Data were bandpass-filtered online 1.0-500 Hz, digitized at 5000 Hz, and recorded with custom software written in Labview (National Instruments, Austin, Texas, USA). Offline, MEPs were calculated by averaging epochs (−20 ms to 100 ms) time-locked to the occurrence of the TMS pulse. Prior to averaging, each epoch was baseline-corrected according to the 20-ms pre-stimulus interval and rectified by taking the absolute value of each data point within the epoch. MEP amplitude was quantified as the mean rectified activity between 28 and 30 ms.
EROS recording and analysis
In order to simultaneously record EROS from beneath a figure-ofeight coil, low-profile optical "patches" were constructed such that near-infrared sources and detectors could make contact with exposed scalp while still allowing the TMS coil to be positioned close enough to the cortex to elicit an MEP. Two flat rubber patches (one for each hemisphere) were constructed and each mounted with four silvered prisms. Prisms enabled thick detector fibers (3.0 mm diameter) to be attached such that they rested flush against the head (Fig. 1A) rather than perpendicular to it, as is typical for most EROS experiments. Smaller source fibers (0.4 mm diameter) were inserted into the patch through small angled holes. A small window in the center of the apparatus allowed the patch to be centered directly over the TMS-mapped location of the M1 hand representation and allowed the coil to make closer contact with the scalp. Before mounting optical patches, participants' hair was diligently parted and secured to ensure that all detectors were positioned over exposed scalp.
Each patch consisted of a column of four detectors and four source fibers, separated by a distance of approximately 4.0 cm. A fifth source fiber was positioned approximately 1.0 cm from the dorsal-most detector. It is known that, at long distances (3-5 cm), light penetrates relatively deeply into the head (1-3 cm; Gratton and Fabiani, 2010) . However, at short distances (b1.5 cm), light takes a very superficial path between source and detector and does not pass through the cortex. This short distance source-detector pair was included to rule out TMS-evoked optical responses as being anything but cortical in origin (for a similar approach see Medvedev et al., 2008) . If EROS activations were not of cortical origin (e.g., movement and muscle artifacts, electrical artifact, or change in skin reflectance) then short channels should show a similar pattern of results to that of the long channels. In contrast, EROS of cortical origin should be apparent only in long channels. The digitized positions of source and detector fibers are overlaid on a representative subject's rendered structural MRI in Fig. 1C .
Optical recordings were taken using four modified frequencydomain oxymeters (model 96208, ISS, Champaign, IL). The recording montage consisted of two of the previously described optical patches, one centered over the left motor cortex and one over the right. Source fibers emitted near-infrared light at a wavelength of 830 nm, modulated at 110 MHz. Phase-delay optical data were sampled from each source-detector pair (total of 40 channels) at a rate of 125 Hz (8 ms samples). It should be noted that the multiplexing of sources occurs over the entirety of the 8 ms sample interval. Thus, sampling began every 8 ms but did not complete until the end of the 8 ms sample interval. As such, a given sample represents activity over an 8 ms period. Timing will herein be reported from the beginning of a given sampling interval (e.g., timing of 8 ms represents a measurement taken between 8 and 16 ms, when the next sampling interval begins).
During the optical session, detector and source locations for each participant were digitized in three-dimensional space using a Polhemus 3Space digitizer (Colchester, VT, USA). Three fiducial points (nasion, left and right pre-auricular points) and a number of additional points outlining the head shape were also digitized and used for offline co-registration of optical data to a structural T1-weighted MRI obtained in a separate session. Co-registration was performed with a custom fitting algorithm (Whalen et al., 2008) implemented in Matlab (Mathworks, Natick, MA, USA). This co-registration procedure has been shown to substantially improve the spatial resolution and quality of EROS signals. In this study, optical fibers were centered on TMS-mapped hand representations. As such, optical data were already functionally aligned to M1 for each individual subject. The three-dimensional reconstruction of the optical data was achieved on the basis of a co-registration of a single representative subject into Talairach space (Talairach and Tournoux, 1988 ). This did not change the correspondence of each subject's map with the point stimulated by TMS.
EROS data were pre-processed using custom software written in Matlab. Pre-processing consisted of phase wrapping correction, conversion of angular phase to a delay measure (picoseconds), pulse correction , and 30 Hz low-pass filtering. Phase delay data were then segmented into epochs time-locked to the onset of TMS pulses (−72 ms to +500 ms) and averaged together separately for TMS-LEFT and TMS-RIGHT conditions. For further information on each of these processing steps refer to Gratton and Fabiani (2007, 2010) .
Long-distance source-detector channels were analyzed using a custom software package, OPT-3D (Gratton, 2000) . This program is used to model mean diffusion paths between source-detector pairs in Talairach space and to perform group-level statistics. Sourcedetector channels that fell outside of a 2.0-5.5 cm range were excluded from analysis as were channels in which standard deviation of the delay measure exceeded 80 ps. A 6.0 mm spatial Gaussian filter was applied to Talairach-transformed data. Phase delay data were baseline corrected according to a 72 ms pre-stimulus interval. Grouplevel t-statistics were calculated for each voxel, then converted to zscores. Thresholded activation maps were then surface-projected onto a superior view of a template Talairach brain. All statistical analyses are based on these surface-projected maps. Two 4.5 cm × 1.5 cm (width × height) regions of interest (ROIs) covering Brodmann area 4 were used for statistical analysis of TMS-evoked activity in left and right hemispheres. ROI placement and dimensions were based on TMS mapping, areas of optical coverage, and known anatomical coordinates of motor cortex. The left hemisphere ROI was from x = −62 to x = −17 and from y = −20 to y = − 5. The right hemisphere ROI was from x = 5 to x = 50 and from y = − 20 to y = −5. Note that these ROIs do not contain a z-dimension as the data are derived from surface axial projection onto a template Talairach brain. Left and right hemisphere ROIs were analyzed for both TMS-LEFT and TMS-RIGHT conditions. Correction for multiple comparisons within an ROI was conducted using a method based on the number of independent resolution elements within the boundaries of the ROI (Friston et al., 1994; Gratton et al., 2006) .
Analysis of short-distance channels was conducted by collapsing together the short-channels ipsilateral to the TMS coil for each subject, computing t-statistics across the entire time course, and then converting these to z-scores. A critical z of 1.96 was used to evaluate statistical significance.
Results
MEPs
MEPs exhibited typical onset latency and amplitude (Fig. 2) . Mean amplitude was 300.7 μV (SE = 49.7 μV) for the right FDI and 212.1 μV (SE = 55.4 μV) for left FDI. MEPs clearly demonstrate that the coil's magnetic field was able to stimulate primary motor cortex even with the optical patch mounted between the coil and scalp. Fig. 3 shows the time course of the fast optical response over the 64 ms period following TMS onset. Activation maps are shown separately for TMS-LEFT and TMS-RIGHT conditions. TMS-LEFT showed initial activation in left motor cortex (ipsilateral to coil position) followed by activation in the right motor cortex (contralateral to coil). Left hemisphere EROS activity achieved statistical significance at 16 and 24 ms following the TMS pulse onset (16 ms peak z = 2.35, z crit = 2.34, x = − 43, y = −11; 24 ms peak z = 2.33, z crit = 2.30, x = −43, y = − 11). Significant activations in the TMS-LEFT conditions then occurred in the contralateral (right) hemisphere ROI, achieving statistical significance from 40 to 48 ms post-TMS (40 ms peak z = 2.64, z crit = 2.19, x = 42, y = − 21; 48 ms peak z = 2.76, z crit = 2.27, x = 39, y = − 21). TMS-RIGHT showed only early EROS activity in the right hemisphere ROI. TMS-locked activity in the right hemisphere was statistically reliable at 16 and 24 ms (16 ms peak z = 2.93, z crit = 2.46, x = 7, y = − 6; 24 ms peak z = 2.65, z crit = 2.33, x = 7, y = − 8). No contralateral (left) hemisphere activity was apparent in the TMS-RIGHT condition.
EROS
Peak ipsilateral activation waveforms are given in Fig. 4 . The time window of interest for this experiment comprised the initial 64 ms following the pulse and shows a clear peak in response to TMS onset. For thoroughness, Fig. 4 also plots EROS activity over an extended 500 ms time window. Later EROS data shows oscillatory activity in the beta band (14-35 Hz). Further work is necessary to characterize these oscillations as it not clear whether these patterns reflect only TMS-induced activity or have contributions from endogenous beta due to preparation for the upcoming manual response task.
An additional control analysis examined short distance channels (1.0 cm) for TMS-locked EROS activity. Light from such short-distance channels only penetrates superficially into the head and will not pass through cortex. Short-distance channels revealed no significant EROS activations in response to ipsilateral TMS pulses. The time course of short-distance channel activity is plotted against peak ipsilateral activations for long-distance channels in Fig. 4 .
We further sought to provide an estimate of the area of local cortical tissue activated by the TMS pulse. To provide such an estimate we used the 16 ms time point with the rationale that at such short latency the response was not likely to have spread to secondary areas. We calculated all pixels that exceeded a z-value of 2.0 and were contiguous with the peak activation, irrespective of whether they extended beyond the ROI used to initially establish the peak. Using these parameters, ipsilateral activation in the TMS-LEFT and TMS-RIGHT conditions was present over areas of 4.2 cm 2 and 1.7 cm 2 , respectively. In our recordings we can estimate the spatial resolution using a resel size approach (Friston et al., 1994) , and resel size was of the order of 0.5-1.0 cm 2 . This indicates that the area activated by the TMS pulse was substantially larger than a resel. It is important to note, however, that a number of factors contribute to the spatial resolution of EROS (e.g., source-detector density, inter-subject variability, spatial filtering parameters; (Gratton and Fabiani, 2010) . Thus, the estimates of spatial spread provided here are relative to the current recording parameters and are likely to vary as a function of recording montage and pulse strength. 
Discussion
This study examined TMS-induced activity in human motor cortex using EROS, a fast optical imaging method sensitive to instantaneous changes in neural activity. Using EROS, we were able to track the evolution of TMS-induced activity in left and right motor cortex. Robust cortical activation was apparent directly beneath the stimulating coil (M1) at 16 ms post-pulse and, for left hemisphere stimulation, shifted to the contralateral hemisphere within 40 ms. Several aspects of the data indicate that the effects of TMS were cortical in nature.
First, some of the activity was observed at a time (40 ms after the coil discharged) and location (i.e., the contralateral hemisphere) distant from the coil. Second, and more importantly, EROS activity cannot be explained by a non-cortical origin as effects were present only in long-distance channels (2.0-5.5 cm) but not short-distance channels (1.0 cm), the light from which does not penetrate deep enough to pass through cortex.
Early ipsilateral TMS-locked EROS activity is consistent with a number of previous neuroimaging studies. FMRI and PET studies have reported local activations in M1 hand representations, occurring . Average waveforms of TMS-evoked EROS response for long and short channels. Averages from long channels are derived from the peak voxel in the grand average. Long-and short-channel waveforms are shown ipsilateral to TMS stimulation and are collapsed across TMS-LEFT and TMS-RIGHT conditions. A strong TMS-evoked response is evident in longdistance channels but absent in short-distance channels, demonstrating that the patterns of activation are cortical in origin. The highlighted time window indicates the primary focus of the study and the window over which the peak activity was determined. The time-course of long-distance channels shows an initial transient response to the TMS over the initial 32 ms followed by a more extended period of oscillatory activity for the remainder of the epoch. Note that, due to the use of a 30 Hz low-pass filter, activity in the long-channel plot appears to extend before time zero. Error bars indicate SE of the mean computed across subjects.
directly beneath the coil with suprathreshold stimulation (Baudewig et al., 2001; Bestmann et al., 2003 Bestmann et al., , 2004 Bohning et al., 1998 Bohning et al., , 1999 Fox et al., 1997 Fox et al., , 2006 Paus et al., 1997) . It is difficult to draw a direct comparison between the current TMS/EROS results and those of fMRI or PET as the nature of signals between these methodologies is qualitatively different (i.e., neuronal versus hemodynamic), the temporal scale varies by several orders of magnitude, and concurrent TMS/fMRI/PET studies have used rTMS (as opposed to the sTMS used here). Despite these methodological disparities short-latency EROS results align well with other neuroimaging studies. The current EROS results demonstrate that, within 16 ms of pulse onset, ipsilateral TMS-evoked activity can also be localized to M1 hand representations. Furthermore, this early activation appears to exhibit a local spread comparable to that described in concurrent TMS/fMRI studies of motor cortex (e.g., Bohning et al., 1999) . Future optical imaging studies using multiple wavelengths could simultaneously record the fast optical signal and the slow fNIRS hemodynamic response to directly compare the spatial spread of a TMS pulse as quantified by these two measures.
A later contralateral TMS-evoked activation (40 ms) was also apparent for left hemisphere stimulation. Given the time course of this contralateral activation we presume this activity to be trans-synaptic propagation of TMS-evoked activity either subcortically or via the corpus callosum (Ilmoniemi et al., 1997) . It is unclear why this contralateral activity was significant for left and not right hemisphere TMS, but it may be due, in part, to the use of the same level of stimulator output for both hemispheres. Left M1 is typically more sensitive to TMS than right M1 for right-handed individuals (Triggs et al., 1994) . As such, pulses delivered to the left hemisphere may have induced a more robust contralateral response than those delivered to the right. If this explanation is verified, it implies that more intense stimulation allows for the signal to propagate more distally than when the stimulation is less intense. However, additional controls are necessary to completely understand the source of this contralateral activation and its apparent hemispheric asymmetry.
The use of EROS concurrently with TMS allowed TMS-evoked cortical activity to be investigated with unprecedented temporal and spatial resolution, giving EROS a unique advantage over other neuroimaging techniques. Simultaneous TMS/fMRI and TMS/PET studies have demonstrated robust TMS-evoked activations on a fine spatial scale Paus, 2005) . However, the sluggishness of hemodynamic/metabolic responses prohibit the use of these techniques for the investigation of the temporal dynamics induced by a single TMS pulse and limits the types of questions that can be addressed with this technique. For example, TMS/fMRI studies in motor cortex cannot unambiguously differentiate activations induced in M1 by a suprathreshold TMS pulse from those due to afferent muscle feedback from the resultant MEP (Baudewig et al., 2001; Bestmann et al., 2003; Bohning et al., 1999) . Simultaneous TMS/EROS measurements do not suffer from such a temporal ambiguity. Our results show activations ipsilateral to coil position starting immediately after the pulse and peaking at 16 ms latency, several milliseconds before an MEP was even measurable. Therefore, we can rule out that this EROS activity is due to re-afferent feedback, which can be expected to have a latency of at least 50-60 ms.
Simultaneous TMS/ERP recordings have the converse problem to that of TMS/fMRI recordings. TMS-locked ERP studies identified a number of positive and negative deflections occurring over several hundred milliseconds after a TMS pulse, but the cortical origin of these components is unclear (Bonato et al., 2006; Ilmoniemi et al., 1997) . TMS/EROS was able to resolve TMS-locked activity on a temporal scale comparable to that of ERPs (125 Hz sampling rate in the present experiment) but was able to disambiguate the cortical locus of this activity as well. TMS/EROS results clearly showed initial activity in ipsilateral M1, followed shortly thereafter by contralateral M1 activity (at least in the case of left hemisphere TMS).
An additional advantage of using EROS in conjunction with TMS is that it is not susceptible to the same magnetic field artifacts that can affect ERP or fMRI acquisition. TMS/EEG studies are often incapable of recording the initial few milliseconds following a pulse due to the sample-and-hold circuits used to prevent amplifier saturation. TMS/fMRI experiments require scans to be interleaved with TMS pulses with a delay of about 100 ms to avoid magnetic field distortion. EROS measurements are based on the passage of near-infrared light through the head rather than measurements of electrical or magnetic fields. Thus, EROS can provide continuous, uninterrupted acquisition during a TMS pulse.
A recent review by Ilmoniemi and Kičić (2010) described several sources of artifact for concurrent TMS/EEG recordings in addition to the magnetic artifact. As some of these artifacts could potentially apply to optical recordings as well, a subset of these artifacts deserve discussion in the context of EROS. A TMS pulse can activate muscle tissue on the scalp in addition to the underlying cortical tissue. Since near-infrared light must pass through scalp tissue, such timelocked muscle activity could be a potential source of artifact for EROS recordings and may appear as a false cortical activation. Though little muscle tissue is present on the regions of scalp stimulated in this experiment, muscle artifact cannot be ruled out on this basis alone. The inclusion of a short distance optical channel allowed us to assess the contribution of muscle activity to EROS activations. Light from a short-distance channel penetrates only superficially (~5 mm) into scalp and skull, allowing the contribution of muscle artifact to be evaluated independently of cortical activations. As no short-channel activations were found, major muscle artifact can be ruled out.
Another potential source of artifact arises from movement and vibration of the coil upon discharge of the magnetic field, which could result in the displacement of optical source fibers. Again, the inclusion of a short-distance channel allows for the presence of such an artifact to be assessed. We found no evidence of time-locked movement artifact in this experiment. The fact that a second delayed activation was observed contralateral to the coil also speaks against a movement artifact.
A final possible artifact arises from auditory stimulation due to coil 'clicking' and somatic stimulation of the scalp from magnetic and mechanical stimulation. Eliminating the occurrence of sensory artifacts is difficult. However, the temporal and spatial resolution of EROS makes this technique less prone to misinterpretations of these artifacts. TMS-evoked EROS signals have a clear cortical source and an unambiguous time course and make it possible, to an extent, to disentangle TMS-induced activations from those resulting from non-TMS sources. In this experiment, initial ipsilateral TMS-evoked activations are clearly due to magnetic stimulation as the latency of these signals is too short to be the result of sensory stimulation or feedback, which is expected to exceed 20 ms. Furthermore, EROS signals were measured from motor cortex ROIs, which clearly rules out an auditory component and, to a lesser extent, somatosensory stimulation.
Though TMS/EROS provides a method of temporally and spatially tracking a TMS-locked response, the technique has several limitations relative to other neuroimaging methodologies. First, EROS is only capable of measuring signals from the cortical surface (Gratton and Fabiani, 2010) and cannot be used to investigate activations of medial temporal cortex or deep subcortical structures. Though subcortical structures cannot be directly stimulated with surface-coil TMS, surface stimulation could result in indirect trans-synaptic activations of subcortical areas but such activations would remain invisible to EROS. In addition, the signal-to-noise ratio of EROS is quite low compared to other neuroimaging methodologies and necessitates the collection of many trials, which may limit the types of questions that can be addressed using this approach. However, it should be noted that, in this study, TMS-evoked EROS signals were approximately three times as large as those typically recorded in EROS experiments, indicating that signal-to-noise may be less of an issue when signals are evoked exogenously with TMS.
Conclusions
Our results indicate that concurrent TMS/EROS shows great promise as a tool to investigate the dynamics of TMS-induced activity in human cortex. This approach can further the understanding of TMS mechanisms in the human brain and could be easily adapted for use with other methods of brain stimulation as well (i.e., transcranial direct current stimulation, tDCS). Though the present examination focused only on activity within the left and right motor strips, with further development, TMS/EROS could be used to explore cortico-cortical connectivity more extensively by investigating neural systems beyond motor cortex and adding more optical channels for greater head coverage.
